Slice preparations were made from the hippo campus of gerbils after 5 min of ischemia by carotid artery occlusion and the membrane properties of pyramidal neurons were examined. A majority of CAl neurons lost the capacity for long-term potentiation following tetanic stimulation of the input fibers. CA3 pyramidal neurons, in contrast, preserved responses similar to those in the nor mal gerbil. Following ischemia, CAl pyramidal neurons showed increased spontaneous firing that was highly volt age dependent and was blocked by intracellular injection of the Ca 2 + chelator, EGTA. Thirty-five percent of CAl postsynap tic potential; IP3, inositol-I,4,5-triphosphate; LTP, long-term po tentiation.
After transient carotid artery occlusion in the ro dent, CAl pyramidal neurons in the hippocampus degenerate selectively with a delay of a few days (Kirino, 1982; Pulsinelli et aI., 1982; Kirino and Sano, 1984; Simon et aI., 1984; Smith et aI., 1984) . This "delayed neuronal death" has attracted inter est since it may provide insight into the pathogen esis of ischemic brain damage and related disorders, such as memory deficits and dementia. Ample evi dence indicates that Ca 2 + influx is the most impor tant triggering factor in neuronal death (Schanne et aI., 1979; Dienel, 1984; Choi, 1985; Sakamoto et aI., 1986) . Intracellular entry of Ca 2 + may be caused by an elevated release of transmitter, especially the ex citatory amino acids, in the early stages of ischemia neurons showed an abnormal slow oscillation of the mem brane potential after 24 h following ischemia. Intracellular injection of GTP,,!S or IP3 produced facilitation of the oscillations followed by irreversible depolarization. Our results indicate that ischemia-damaged CAl neurons suf fer from abnormal Ca 2 + homeostasis, involving IP3induced liberation of Ca 2 + from internal stores. Key Words: Ischemia-Cell death-Hippocampus-Ca 2 + os cillation-G-protein-Inositol triphosphate-Gerbil Slice preparation.
(J orgensen and Diemer, 1982; Benveniste et aI., 1984; Hagberg et aI., 1985; Rothman and Olney, 1986) . Although the tissue concentrations of gluta mate and related amino acids increase transiently after ischemia (Benveniste et aI., 1984; Hagberg et aI., 1985) , such a short-lived elevation of amino ac ids and its related influx of Ca 2 + is insufficient to account for the slow time course of neuronal death. To explain this, it has been proposed that increased cytosolic calcium induces a variety of deleterious processes such as proteolysis, phospholipid break down, and formation of free radicals (Siesj6 and Bengtsson, 1989) . Functional aspects of neurons following ischemia have been studied electrophysiologically in situ (Su zuki et aI., 1983; Monmauer et aI., 1986; Buzsaki et aI., 1989; Chang et aI., 1989; Furukawa et aI., 1990) and in vitro (Urban et aI., 1989) in rats or gerbils. These studies showed a variety of changes of spon taneous spike activity and synaptic responses in CAl pyramidal neurons after restoration of blood flow. Excitability of the pyramidal neurons appears to be lost prior to visible morphological change (Ur ban et aI., 1989) .
The present study was undertaken to investigate the intracellular mechanisms responsible for the changes immediately after ischemia and during the ensuing neuronal death. Using the gerbil model sys tem for transient forebrain ischemia, we have made intracellular recordings from CAl pyramidal neu rons and have demonstrated that ischemia-damaged CAl cells lose their function through an abnormal chain of intracellular events related to Ca 2 + metab olism. A preliminary report of this work has ap peared elsewhere (Kawai et aI., 1990) .
METHODS

Ischemia by carotid occlusion
In total, 89 male Mongolian gerbils (Meriones ungui culatus, body weight of 65-80 g) were subjected to tran sient forebrain ischemia. Due to incomplete connection to the vertebrobasilar arteries, occlusion of both carotid ar teries causes nearly complete cessation of blood flow in the forebrain. Ischemia was induced for 5 min by occlud ing the carotid arteries as described by Tone et al. (1987) .
After clamping the carotid arteries by pulling a monofil ament nylon thread, which had been looped around the arteries 1-2 days beforehand, recirculation of blood flow was allowed by removing the thread. As control experi ments, five normal gerbils and three sham-operated ani mals (total of 26 slices) were used without occlusion of the carotid arteries.
Slice preparation
Hippocampal slice preparations were made from the gerbils at various times after recirculation, and, in total, 179 slices were used. Usually, we made slices at least 1 h after recirculation in order to confirm that gerbils had recovered normal behavior. Transverse sections (350-400 f,Lm) were made by a previously described method (Saito et aI., 1989) . The slices were maintained at 34-35°C, and were perfused (0.5-1 mllmin) with a medium containing 124 mM NaC!, 26 mM NaHC03, 5 mM KCl, 1.24 mM KH 2 P04, 2.4 mM CaCI 2 , 1.3 mM MgS04, and 10 mM glucose, equilibrated with 95% O 2 and 5% CO 2 , Slices were kept in the chamber for at least 2 h before experi ments. Intracellular recordings were made from pyra midal neurons of the CAl region using 4 M K acetate filled microelectrodes (40-120 Mil). Current injection was performed using a bridge balance circuit. To measure the input resistance of the cell, hyperpolarizing currents (0.5 nA) of 150 ms duration were applied. Field excitatory postsynaptic potentials (EPSPs) were recorded extracel lularly from the stratum radiatum of the CAl region in the vicinity of the intracellular recording electrodes, by means of pipettes filled with saline (2-5 Mil). Schaffer collaterallcommissural afferents (O.O�.I Hz) were stim ulated with bipolar platinum-iridium electrodes (tip diam eter of 10 f,Lm) placed in the stratum radiatum. Tetanic stimulation consisted of two trains of 100 pulses at 100 Hz with an interval of 20 s. In some experiments, two stim ulating electrodes were placed in the stratum radiatum layer for testing associative long-term potentiation (Wig strom and Gustafsson, 1985) . Alternative stimulation of 0.1 Hz was applied to each input and the two stimuli were kept 3.5 s apart. A 10-20 s impulse tetanus was applied for the test stimuli. In some preparations, simultaneous recordings were made from both CAl and CA3 regions. CA3 pyramidal neurons were activated by stimulating granular cell layers. Intracellular injection of the follow ing chemicals was carried out with K acetate electrodes: 0.3 M EGTA [ethylene glycol bis(j3-aminoethyl ether) N, N, N' ,N' -tetraacetic acid] (Sigma Chemical Co., St. Louis, MO, U.S.A.), 25 mM GTP-yS (guanosine-5'-O-(3thiotriphosphate) (Boehringer Manheim, Manheim, Ger many), and 2 mM IP3 (D-myoinositol-l ,4,5-triphosphate) (Boehringer Manheim, Manheim, Germany). These chemicals were injected with hyperpolarizing currents of 0.5-1 nA with various durations (10 to 60 s) or diffusion from inserted electrodes. The calcium-chelating effect of EGT A was confirmed by loss of afterhyperpolarization of the injected neurons (Krnjevic et aI., 1978; Schwartzkroin and Stafstrom, 1980) . It usually took more than 15 min to block afterhyperpolarization.
Data analysis
To measure the maximal rate of rise of EPSPs, records were digitized at 10 kHz and analyzed by an on-line com puter. Groups of three successively evoked EPSPs were digitally low pass filtered and averaged, before calculat ing the maximal rate of change of potential within a time window selected around the rising phase. The computed slope values were displayed as a constantly updated time series, permitting the time course of synaptic potentiation to be monitored accurately during experiments.
RESULTS
Typical synaptic responses of CAl pyramidal neurons in hippocampal slices from a normal gerbil are shown in Fig. 1 . Intracellular recordings were made from pyramidal neurons, and extracellular field potentials were recorded from the neighboring stratum radiatum. Brief repetitive stimuli of Schaf fer collateral/commissural fibers induced a potenti ation of EPSPs. Long-lasting synaptic potentiation was manifested as an increase in maximum rate of rise of field EPSPs (Fig. lB) . Intracellular EPSPs were sometimes obscured by subsequent action po tentials; however, the maximal slope could be ana lyzed provided the rising phase of EPSPs was sep arated from the initiation of action potentials (Fig.  IA) . The augmentation of EPSPs lasted for more than 2 h, indicating a typical long-term potentiation (LTP). The membrane potential was not markedly changed by tetanic stimuli and usually remained constant.
Following occlusion of the carotid arteries, the properties of CAl neurons showed marked changes with time. Figure 2 shows an example of the behav ior of CA I pyramidal neurons at 48 h after ischemia. Extracellular recordings from the stratum radiatum showed a marked reduction in amplitude and slope of EPSPs (Fig. 2D ), compared to those in controls ( Fig. ID) . Intracellular EPSPs were small and fre quently failed to evoke action potentials, possibly reflecting reduced resting membrane potential (Em plied, the maximal slope for extracellular EPSPs increased slightly but did not show well-developed LTP. Increases in the stimulus strength of tetanus up to twice that of the control failed to evoke robust LTP. The maximum slope of intracellular EPSPs was almost unchanged before and after tetanic stim ulation ( Fig. 2A,C) . A slight increase «30%) in maximal slope of extracellular EPSPs (Fig. 2B ,D) may be explained by the fact that field potentials are composed of activities of many neurons, some of which retained the ability to produce synaptic po tentiation by tetanus. In 32-slice preparations (taken from nine gerbils) recorded at 7-30 h after carotid occlusion, 26 slices showed either no change (n = 21) or a depression (n = 5) of EPSP slopes in CAl neurons in response to tetanic stim ulation, while 6 slices showed LTP. This contrasts with the results from normal gerbils, in which more J Cereb Blood Flow Metab, Vol. 12, No.3, 1992 than 90% (15 of 16) showed LTP. Loss of LTP in ischemic slices was observed in experiments where associative stimulation (see the Methods section) was applied to two inputs (n = 5). In slices made from gerbils more than 48 h after ischemia, only small-field EPSPs were recorded in the stratum ra diatum. Impalement of the electrode into pyramidal neurons became difficult, and, if successful, was usually hard to maintain over a long period, Both the amplitudes and maximal slopes of extracellular EPSPs decreased day by day, and after 4-5 days, no synaptic potential could be recorded (n = 4). In contrast to CAl pyramidal neurons, CA3 neu rons produced L TP similar to that in normal prep arations. No obvious change was seen in the field EPSPs and generation of L TP in CA3 neurons at any time following ischemia, We compared EPSPs in both CAl and CA3 in the same slice preparations following ischemia (n = 6). Figure 3 shows an ex periment in which fields of both CAl and CA3 py ramidal regions were recorded in the same slice pre pared 48 h after occlusion. In this slice, a cut was made in the CA2 region to separate the CA I and CA3 areas (Fig. 3E ). Tetanic stimulation was ap plied simultaneously to the inputs of CAl and CA3 pyramidal neurons (the Schaffer collateral/com missural fibers and the granular cell layers, respec tively). The slopes of CAl fields were diminished to <60% of control, and no sign of recovery from de pression was seen for more than I h (Fig. 3A) . In CA3 neurons, on the other hand, slopes were grad ually increased following an initial depression, and the potentiation lasted for hours (Fig. 3B) . The dif ference between the CAl and CA3 regions became more pronounced with increasing time after occlu-sion. In contrast, both the amplitude and maximal slope of CAl fields decreased day by day, and at 4-5 days after ischemia, no synaptic potential could be recorded. The records shown in Fig. 3C and D were from a slice made 7 days after occlusion. In the CAl pyramidal layer, even strong stimulation of Schaffer collateral/commissural input evoked only small presynaptic fiber responses, whereas in CA3 neurons, EPSPs were induced similarly to the nor mal slice and showed potentiation upon tetanic stimulation of afferent fibers. One of the primary aims of studies of ischemia is to understand the pathogenesis of those neurons that are destined for death. Therefore, we focused on investigating membrane properties of CAl pyra midal neurons within 2 days (3 to 48 h) after recir culation of the carotid arteries. Although no signif- icant morphological changes are observed (Kirino and Sano, 1984) , CAl pyramidal cells observed in this period showed obviously abnormal properties. A conspicuous feature of CA 1 cells after ischemia is an increase in the firing of spontaneous spikes. More than one-half of the pyramidal neurons (62/ 108) observed at 3-12 h after ischemia fired spon taneously and continuously at various frequencies (0.5-10 Hz). Apparently, the spontaneous activity reflects an abnormal change after ischemia. First, in control slices, spontaneous spikes were observed in <10% of neurons (5/59), and they usually fired only transiently following impalement by the electrode. Second, when compared at the same membrane po tential level with the control neurons (around -60 J Cereb Blood Flow Metab, Vol. 12, No.3, 1992 mY), the firing rate of neurons after ischemia was much higher and long lasting than that of neurons in control gerbils. In slices prepared later than 2 days after ischemia, spontaneous firing became less fre quent. We found that the incidence of the spontaneous spikes after ischemia was highly voltage dependent. Near the resting membrane potential (from -40 to -50 m V), the frequency of spontaneous spikes ranged between 8 and 10 Hz. With hyperpolariza tion, the spike frequency decreased to almost zero below -90 m V. The spontaneous spikes were blocked effectively by injection of the calcium chelator EG T A, without impairing the evoked spikes (Fig. 4C) . Similar results were obtained in six slices from three gerbils. It was noted that sponta neous spikes differed in shape from those evoked by Schaffer collateral/commissural stimulation (Fig.  4C) , and the latency and amplitude of the evoked spikes were much affected by the preceding spon taneous spikes, indicating that spontaneous and stimulus-evoked spikes have different origins. Be cause of their high voltage sensitivity, the sponta neous spikes may arise near the cell body, possibly from a low-threshold calcium current (Beam, 1989) .
Another salient feature of neurons after ischemia was a spontaneous oscillation in the membrane po tential. Oscillations were more frequently observed in neurons at 24--4 8 h (18 of 52) following ischemia than in neurons within 12 h (21 of 108) after isch emia. The oscillations occurred at an almost con-stant frequency (0.1-0.5 Hz), with amplitudes rang ing from 5 to 10 m V. In some neurons (n = 5), spontaneous spikes were superimposed on the os cillatory potentials (Fig. 5A) . Interestingly, repeti tive stimuli applied on the Schaffer collateral! commissural input produced an irreversible depo larization in oscillatory cells. As shown in Fig. 5B , a train of input stimuli produced depolarization of the spontaneously oscillating membrane potential, which stayed for a few minutes at a steady level without stimulation, but depolarized to 0 m V upon further repetitive stimulation. The membrane po tential oscillation was assumed to be generated by periodic changes in internal Ca2 + as reported in other cells, e.g., cardiac muscle (Mulder et aI., 1989) , Xenopus oocyte (Busa et aI., 1985; Miledi (-mV) A �?t:J_T4'U..,. ... )1W¥ .... .. . and Parker, 1989), and hamster egg (Miyazaki, 1988) . Such cyclic increases in Ca 2 + can be mim icked by injection ofGTP-yS, a nonhydrolyzable an alog of GTP. This is explained by supposing that intracellular GTP-yS acts on membranous GTP binding proteins and facilitates breakdown of phosphonoinositides (PIP 2 ), producing inositol trisphosphate (IP3). IP3 causes continuous libera tion of Ca 2 + from internal stores (Berridge, 1987) . In support of this hypothesis, intracellular injection of GTP-yS induced or facilitated similar oscillations in neurons shortly after ischemia (Fig. 5D ). In 13 pyramidal neurons in ischemic preparations, 9 neu rons were induced to oscillate by injection with GTP-yS, while 4 neurons were unchanged. Injection J Cereb Blood Flow Metab, Vol. 12, No.3, 1992 of IP3 induced similar changes (Fig. 5D) , with 14 of 20 neurons induced to oscillate by IP3 injection. We consistently observed that an additional excitation imposed on neurons exhibiting the unusual oscilla tions could facilitate irreversible depolarization, presumably, resulting in the death of the cell. In Fig. 5B -D, the membrane potential oscillating ini tially around a steady level was gradually depolar ized by repeated stimulation of the Schaffer collat eral/commissural input. The depolarization was not reversible even if the membrane potential was hy perpolarized by injecting hyperpolarizing currents. In some neurons (n = 9), tetanic stimulation in isch emic neurons triggered irreversible oscillatory membrane potentials.
DISCUSSION
Intracellular recording from CAl pyramidal neu rons demonstrates that membrane properties are se verely changed by ischemic insult. Although there was considerable variation in the behavior of indi vidual neurons, the majority of pyramidal neurons in CA 1 failed to be potentiated by tetanic stimula tion. Numerous studies have been carried out on LTP in the hippocampus although the exact mech anism is not completely understood. A currently popular hypothesis for the mechanism of LTP em phasizes the role of a protein kinase activated by intracellular Ca2+ in the expression and mainte nance of synaptic potentiation (Malinow et aI., 1988) . Since ischemia-damage neurons exhibit ab normal membrane characteristics that are clearly related to disturbed Ca2+ homeostasis, loss of LTP could be explained at least in part by dysfunction of an intracellular Ca2+ -dependent protein kinase. Al ternatively, excessive influx of Ca2 + or N a2 + may disturb the normal regulation of protein kinase ac tivity, or insufficient energy metabolism could af fect presynaptic transmission, resulting in an alter ation of L TP.
It is of note that responses of pyramidal neurons to input stimulation differed greatly in the CAl and CA3 regions. A differential effect of transient isch emia on CA 1 and CA3 pyramidal neurons has been reported in pathological studies (Kirino, 1982; Pulsinelli et aI., 1982; Zola-Morgan et aI., 1986) . In an electrophysiological study (Chang et aI., 1989) , it was reported that spontaneous activity of rat CAl neurons was greatly increased, whereas that of CA3 neurons was unchanged or even decreased follow ing ischemia. Urban et ai. (1989) found that there was no significant difference between control and ischemia-treated gerbils in the popUlation-spike am plitude of fascia dentate neurons. These results, along with the present data, suggest that selective neuronal death in CAl pyramidal neurons of hippo campus is caused by mechanisms intrinsic to CA 1 neurons rather than by hyperactivity of excitatory input from CA3 neurons.
Increased spontaneous firing of CAl neurons af ter ischemia has been reported in the gerbil (Suzuki et aI., 1983) and rat (Chang et aI., 1989; Furukawa et aI., 1990) , although the frequencies and periods of occurrence of spontaneous spiking were somewhat different from those in our study. This could be explained partly by the different methods used for recording, since in our in vitro preparation changes of neuronal activity may proceed faster than those in in situ experiments.
A high spontaneous spike frequency may reflect an increased conductance for cations (Na + or Ca2+). It has already been shown that immediately after ischemia, the local elevation of excitatory amino acids causes a massive influx of Ca2+ into the cell (Rothman and Olney, 1986; Benveniste et aI., 1988) . Entry of Ca2+ could occur through volt age-sensitive channels or channels linked to trans mitter receptors such as the NMDA-preferring re ceptor (Dienel, 1984; Andine et aI., 1988; Choi, 1988) . Calcium mediation of neuronal death is also implied by the observation of a net increase in tis sue calcium content in CAl cells before morpholog ically apparent cell necrosis (Desphande et aI., 1987; Dux et aI., 1987) . The present data indicate that an abnormality of calcium mobilization ap peared to take place far earlier than overt neuronal cell death. The increased spontaneous firing that could be abolished by EG TA suggests that intracel lular calcium is elevated to greater than its normal value. Our results favor internal stores of calcium as the source of the increased intracellular free cal cmm.
In addition to the continuous discharge of spon taneous spikes, ischemia-damage CAl pyramidal neurons showed peculiar oscillations in the mem brane potential, which may be related to periodic changes in internal free calcium (Berridge and Ir vine, 1989 ). An identical oscillatory membrane po tential could be induced in ischemic neurons that did not otherwise display oscillation, by injection of GTP-yS or IP3. Enhanced turnover of inositides fol lowing ischemia has been reported (Banschbach and Geison, 1974) , suggesting the formation of IP3 as well as diacylglycerol in the ischemia-damaged cell. Breakdown of polyphosphonoinositides with an increase in diacylglycerol has been observed during the early stages of ischemia (A veldano and Bazan, 1975; Ikeda et aI., 1986) . Taken together, these observations suggest that Ca2+ influx contin uously facilitates the formation of IP3, causing lib eration of Ca2 + from internal stores, which perhaps also occurs via Ca2+ -induced Ca2+ release. The ini tial increase in Ca2 + influx across ischemia damaged membranes may lead to Ca2+ overloading of endoplasmic reticulum or mitochondria. This in turn would result in a tonically elevated [Ca2+]j, and loss of [Ca2+]j buffering capacity, which would explain the sudden and irreversible depolarization in response to synaptic input. The interplay be tween Ca2 + sequestration and liberation mecha nisms and Ca2+ -dependent membrane currents at abnormally high [Ca2 +]j levels would induce the ob served oscillations in membrane potential, which herald delayed neuronal death after transient isch emia. Pathological Ca2+ mobilization thus seems to occur far earlier than an increase in regional net Ca2+ content is detected in the CAl sector (Des phande et al., 1987) .
